The mixture formation prior to the ignition process is a key element in the diesel combustion because it significantly influences throughout the combustion process and exhaust emissions. Purpose of this study is to clarify the effects of ambient temperature, oxygen concentration and air entrainment into the spray on the heat release process during ignition delay periods. This study investigated diesel combustion fundamentally using a rapid compression machine and high speed digital video camera. The detail behavior of spray evaporation, spray interference and mixture formation during ignition delay period was investigated using the schlieren photography system. Ignition process, flame development and images of the spray ignition with extremely dark flame were investigated by light sensitivity direct photography method. Heat release processes were analyzed by pressure measurement in the chamber. Results show that short endothermic process produces slow heat recovery, leading to gentle increase of initial heat release rate. Low oxygen concentration produces slow heat recovery process rather than long endothermic period, which suggests fuel-air mixing is required to promote chemical reaction for the case of low oxygen-concentration atmosphere. Initial heat release is activated to some extent by increase of air entrainment into spray during ignition delay period. However, excessive air entrainment increases initial heat release little and rather affects diffusion combustion.
INTRODUCTION
The diesel engine has undergone continues improvements through the development of engines technologies especially in controlling the combustion process. Although, it is very important to control the ignition process in order to reduce the NOx and PM levels. The major problem in diesel combustion chamber design is achieving sufficient rapid mixing between the injected fuel and the air in cylinder. In the diesel ignition and initial combustion process, heat absorption process first occurs due to fuel evaporation and fuel thermal-decomposition just after start of injection. Subsequently, heat recovery process starts when fuel-oxidation generates heat. Spray ignites at this process.
There were many studies on the fuel-air premixing that responsible to the ignition of diesel spray which linked to the improvement of exhaust emission [1] [2] [3] [4] [5] [6] . Ishiyama et al. [7] has reported that the ignition process in diesel combustion, oxidation begins very early during ignition delay period and its supplies heat to the spray and causes cracking and gasification of fuel. It was reported that evaporation and atomization process during ignition delay prior to ignition process, combustible mixture is first formed at midstream of the spray [8] . Thus, combustion process and exhaust emissions are more clearly observed by examining the characteristics of the evaporation of fuel spray and initial heat recovery process during the ignition delay period. The endothermic period discussed here represents the time from beginning of injection to the attainment of heat recovery by chemical reaction. However, it is complicated to clarify the effects of endothermic duration on ignition and initial heat recovery as it is affected by air entrainment into the spray. Moreover, thermal effect of the entrained air on ignition is dependent on the ambient temperature and oxygen concentration.
The oxidation reactions at the end of endothermic period depends on the physical process such as air entrainment, the breakup of the jet spray, and droplets evaporation [9] . Air entrainment caused by fuel injection and air motion is considered to be predominantly influences on chemical process such as pyrolysis and oxidization. However, it is complicated to achieve the best preparation of fuel-air mixing at first stage of mixture formation due to the dependency of the design parameter and air entrainment rate. There have been many findings regarding the interaction between fuel spray and surrounding air toward the improvement of emissions [8] [9] [10] . Authors also investigated effects of the ambient density, ambient temperature and oxygen concentration, injection pressure and nozzle specifications on combustion process fundamentally by using rapid compression machine and image analysis [11, 12] . It is suggested that the interaction between fuel spray and surrounding gas is important for the combustion efficiency and exhaust emissions. Ignition is important as it is first stage of combustion and emission formation.
In this research, the characteristics of diesel ignition and combustion are investigated focusing on fuel-air mixing with changing ambient condition, injection parameters and air flow. Experiment used a rapid compression machine together with the schlieren photography and direct photography methods. The detail behavior of mixture formation during ignition delay period was investigated using the schlieren photography system with a high speed digital video camera. This method can capture spray evaporation, spray interference and mixture formation clearly with real images. Ignition process and flame development were investigated by direct photography method using a light sensitive high-speed color digital video camera. The sensitive camera could clearly capture spray ignition with extremely dark flame. Then, tried to make clear the influence of the operating parameters on entrainment rate, continuously investigate the effect of entrainment on endothermic and heat recovery process, ignition and combustion characteristic.
Effect of Air Entrainment on Ignition and Initial Heat Release
Next, effect of air entrainment into the spray on the specific time-characteristics and combustion will be investigated.
This study calculated air entrainment based on the momentum theory [12] , where the spray is treated as a quasi-steady gas jet. For an injector with a hole number n 0 and a hole-diameter d 0 , injection rate M j can be calculated as follows using fuel density ρ f and constant fuel velocity u j at nozzle outlet.
The mass ratio, e of entrained air flow M a to the fuel flow M j is calculated by [12] where L is the constant which expresses the effect of swirl, c 0 the constant given by the momentum theory, and s the spray tip penetration. L is calculated by [12] where r s is the swirl velocity, c s is the constant as 2.3 [13] . Oxygen entrain rate into the spray per unit length, dm 02 /ds can be computed by where ρ is ambient density, V O2 the volumetric ratio of oxygen in the atmosphere. Accordingly, we define oxygen entrain ratio Ent as Figure 12 shows the effect of air entrainment on specific time-characteristics. As shown in the figure, increasing entrainment Ent tends to shorten ignition delay τ and endothermic period t 1 . However, when Ent is larger than 10, increasing entrainment has little effect on shortening of τ and t 1 . Ignition delay and endothermic period cannot be decreased shorter than about τ=0.5ms and t 1 =0.2ms. The t 2 +t 3 , namely total heat generation period at initial burning, shows almost same trend as τ and t 1 . At Ent <10, the t 2 +t 3 is more sensitive to Ent than τ and t 1 . These results suggest that endothermic period and ignition delay can be shortened to some extent by promoting air entrainment into the spray; however, excess entrainment can change initial heat release little. Table 2 summarizes the series of representative experiment conditions, their ignition delay period and calculated Ent. Figure 13 compares images of the schlieren photograph and direct photograph obtained under the conditions in Table 2 . Figure 14 compares the heat release rate dQ/dt and pressure histories at ignition delay close ranges between 0.8ms to 0.9ms. The entrainment rate is varied at ranges 5.21 to 14.13, as listed in Table 2 . As seen in Fig 14, Fig.13 that high density and high swirl (No.5) tends to form heterogeneous mixture. Spray interaction, which is not modeled in Ent calculation, may affect history of initial heat release. In addition, high density has high heat capacity, which is effective to shorten endothermic period and ignition delay but high heat capacity has disadvantage against heat recovery. 
CONCLUSION
In this research, a fundamental study on the characteristics of diesel combustion was carried out using a rapid compression machine by changing ambient temperature and oxygen concentration, swirl velocity and fuel injection parameters. Discussions were made on relation between air entrainment into the spray and heat release history during endothermic and heat recovery period before ignition. Results are summarized as follows;
1. Low oxygen concentration in volume generates low-luminosity flames at ignition. The flames develop very slowly to the combustion chamber. This type of flame development produces two-stage history of heat release rate after ignition; namely firstly slow heat generation and secondly rapid generation. Further, initial heat generation after ignition is strongly dependent on oxygen mass concentration.
2. Flame observation shows that, under lower oxygen concentration and high ambient density condition, the low-luminosity flame hardly develops toward the upstream of the spray due to the longer flame lift-off length.
3. Extremely short endothermic duration after start of injection rather lengthens heat recovery period before ignition. Heat recovery period is shortest when endothermic duration is about 0.5ms. 4 . Increasing air entrainment into the spray generally produces short endothermic period and rapid heat recovery, leading to short ignition delay; however, according to estimation of air entrainment, excess entrainment can no longer control these durations. 
